The aim of this study was to investigate the regulation of serum leptin levels by gender and gonadal steroid milieu. Thus, we measured serum leptin levels by radioimmunoassay in (a) intact male and female rats, (b) female rats at different stages of the estrous cycle and (c) ovariectomized or orchidectomized rats. Gonadectomized groups were or were not implanted with silastic capsules (10 or 30 mm in length, 1.519 mm internal diameter; 3.06 mm external diameter) containing estradiol or testosterone and decapitated two weeks later.
Introduction
The ob gene is an adipocyte-specific gene that encodes leptin, a protein that regulates food intake and energy expenditure. Recent data have clearly shown that the amount of leptin mRNA in adipocytes correlates with body weight. Furthermore, serum immunoreactive leptin levels show a strong positive correlation with body fat being elevated in obesity and decreased in states of severe malnutrition such as anorexia nervosa (1) (2) (3) (4) (5) Recent data indicate that leptin may play an important role in the regulation of the hypothalamopituitary-gonadal axis. Exogenous leptin administration leads to an earlier vaginal opening in prepubertal mice (6) as well as advancing the onset of puberty in rats whose food intake is less than normal (7) . Furthermore, leptin administration to ob/ob mice stimulates all aspects of their reproductive endocrine system and restores their fertility (8, 9) . Whether these effects of leptin are exerted at central and/or peripheral levels is at present unclear (10, 11) . However, data regarding the influence of gonadal hormones on the regulation of leptin secretion are more scarce. One of the most interesting findings in the field is the remarkable gender differences in circulating leptin levels in humans, leptin concentrations in women being nearly double those of men (3) . These gender differences are present in humans even when subjects of opposite sex are compared after being carefully matched for the net amount of fat reserves, or at stages of development such as peri-puberty or birth when no differences in the amount of adipose tissue are present (12) (13) (14) (15) (16) (17) (18) (19) . In order to assess the regulation of serum leptin levels in the rat by gender and gonadal steroid milieu we studied the influence of (a) the sex, (b) the estrous cycle, and (c) gonadal function following gonadectomy and/or estrogen or testosterone replacement.
(20 ЊC) and light (12 h light:12 h darkness) with free access to pelleted food (Panlab, Barcelona, Spain) and tap water. After vaginal opening, vaginal smear cycles were monitored daily. Only control females showing regular cycles were used.
Experimental designs
In the first experiment, and in order to assess the influence of body weight on leptin secretion, rats (n = 6-8 per group) were killed, independently of age, when they reached the appropriate body weight (50, 100, 150, 200, 250 and 300 g). In a second group of experiments, both male and females rats (n = 6-8 per group) were killed at a defined age, on days 75 and 90, with females being in either the estrous or diestrous phase. In another experiment, adult male and female rats were gonadectomized or shamgonadectomized on day 60. Gonadectomized groups were or were not implanted with silastic capsules (10 or 30 mm in length, 1.519 mm internal diameter; 3.060 mm external diameter) containing estradiol or testosterone and decapitated two weeks later. Control females were killed in the diestrous or estrous phases of the cycle. All the experiments were carried out following the guidelines of the Helsinki declaration.
Hormone measurements
Blood samples were collected. After centrifugation, the serum was collected, frozen, and stored at ¹20 ЊC until assayed. Leptin was measured using a commercial kit (Linco, St Charles, MO, USA). The intra-and interassay coefficients of variation for concentrations of 1.6 and 11.6 ng/ml were 2.4% and 4.6% (intra) and 4.8% and 5.7% (inter) respectively. Testosterone and estradiol-17b were determined using commercial kits (Diagnostic Corporation, Los Angeles, CA, USA). Values are expressed as ng/ml for testosterone and pg/ml for estradiol-17b. For each hormone, all samples were analyzed in the same assay, and the intra-assay coefficients of variation were 5% and 6% for testosterone and estradiol-17b respectively.
Statistical evaluation
Results are expressed as means Ϯ S.E.M. Data were evaluated for statistically significant differences by one-or two-way ANOVA followed by Tukey's test.
Results

Influence of body weight, sex and phase of estrous cycle on leptin secretion
Serum leptin levels in intact male rats were greater in rats weighing 250 g and 300 g than in rats weighing 50 g (Fig. 1) . Intact female rats weighing 50 g, 250 g and 300 g exhibited higher serum leptin levels than intact male rats of similar body weight, but were no different at the other body weights studied (100 g, 150 g and 200 g).
Serum leptin concentrations increased between day 75 and 90 (F = 22,13; P < 0.001, two-way ANOVA) and were higher in males than in females. No significant differences were observed between females in the estrous or diestrous phases ( Table 1) . Table 2 shows the body weight and leptin concentrations in females and males 15 days after gonadectomy. Gonadectomy increased body weight significantly only in males, while the increase in serum leptin concentrations was significant in both sexes. The effects of estradiol and testosterone replacement in ovariectomized females is shown in Table 3 . Ovariectomy significantly decreased the serum concentrations of testosterone and estradiol and increased those of leptin ( Table 3 ). The ovariectomy-induced increase in serum leptin levels was not dependent, at least completely, on changes in body weight since it could be observed when comparisons were made between ovariectomized rats and intact rats in estrous matched for body weight (Fig. 2) .
Effects of gonadectomy and steroid replacement on leptin secretion
Implantation of silastic capsules containing testosterone significantly increased serum testosterone levels and returned leptin concentrations to values similar to those measured in intact females. The inhibitory effect of testosterone on serum leptin levels was observed despite the fact that testosterone administration (3 cm silastic capsule) led to a marked increase in body weight (Table 3) . Implantation of silastic capsules containing estradiol significantly increased serum estradiol levels, decreased body weight, but did not affect leptin concentrations which were similar to those in ovariectomized females. Next, and in order to unmask the possibility that the lack of effect of estrogen administration could be due to a decrease in body weight, we compared estrogen-treated rats with intact female rats matched for body weight. Serum leptin levels in ovariectomized rats implanted with 1 cm silastic capsules of estradiol were not significantly different from intact female rats matched for body weight (224 Ϯ 16 g). However, rats implanted with a 3 cm silastic capsule of estradiol showed much greater serum leptin levels than the appropriate group of intact female rats matched for body weight (Fig. 2) .
In male rats, orchidectomy significantly decreased testosterone and estradiol concentrations, while body weight and leptin levels increased (Tab1e 4). In order to rule out the possibility that the changes in serum leptin levels could be due to changes in body weight, we compared gonadectomized rats with intact rats matched for body weight. Serum leptin levels were similar in orchidectomized rats and in intact rats matched for body weight (Fig. 3) . Implantation of silastic capsules containing testosterone significantly increased the serum testosterone levels, but the values achieved were significantly lower than in intact males. Serum leptin concentrations were similar in orchidectomized males treated or not with testosterone. The lack of effect of testosterone on serum leptin levels could not be accounted for by a change in body weight (Table 4) . Implantation of silastic capsules containing estradiol increased the serum estradiol levels several fold higher than those measured in intact males. In contrast with data obtained in females, the higher dose of estradiol decreased leptin concentrations which returned to values similar to those measured in intact males. However, body weight increased after orchidectomy and decreased significantly in groups treated with estradiol (Table 4) body weight. Serum leptin levels in orchidectomized rats treated with estradiol (3 cm silastic capsule) were not significantly different from those recorded in a group of intact male rats matched for body weight (Fig. 3) . In contrast, implantation of a l cm silastic capsule of estradiol in orchidectomized rats led to a marked increase in serum leptin levels compared with a group of intact male rats matched for body weight (Fig. 3) .
Discussion
Gonadal steroids affect energy balance and adiposity in a variety of mammalian species, via multiple redundant mechanisms. These include regulation of food intake at the central level, modulation of enzyme activity at the tissue level -transferring stored lipids between white adipose tissue storage depots to other tissues where they may be oxidized, and regulation of energy expenditure (20) . Indirect evidence obtained in human subjects suggests that some of the effects of gonadal steroids on food intake and body weight can be mediated to some extent by influencing serum leptin levels and hypothalamic leptin receptor gene expression. Thus, after adjusting for fat mass, females have higher leptin levels than males. However, the reasons of this sexual dimorphism are at present unclear. It could be due to a stimulatory effect of estrogen and progesterone on leptin secretion, or alternatively, to an inhibitory effect of androgens on leptin. It could also be due to differences in fat distribution between male and females since subcutaneous fat produces more leptin mRNA than intra-abdominal fat. Finally, female adipose tissue may be more sensitive to hormones that stimulate leptin production, such as insulin or glucocorticoids (12) (13) (14) (15) (16) (17) (18) (19) .
In this work we assessed the role of gonadal hormones on serum leptin levels in rats. Our data, without taking into account changes in body weight, indicate that serum leptin levels (a) were not affected by the estrous phase, (b) increased significantly two weeks after ovariectomy or orchidectomy, (c) decreased in ovariectomized female rats after testosterone treatment and in orchidectomized males after estradiol administration. However, the fact that in both intact male and female rats leptin levels are increased -though not in a linear fashion -in relation to body weight raises the possibility that some of the effects of gonadal hormones on serum leptin levels could be a consequence of changes in body weight. Therefore, further analysis of the data was carried out after carefully matching the different experimental groups for body weight. When body weight was taken into account our data showed that serum leptin levels (a) were greater in young female rats, 50 g body weight, and adult female rats, 250 g and 300 g body weight, than in intact male rats of similar body weight, (b) were not influenced by the estrous cycle, (c) were greater in ovariectomized than in intact female rats. Somewhat unexpectedly estrogen administration to ovariectomized rats, although only at high doses, increased even further leptin levels in ovariectomized rats. On the other hand, testosterone administration inhibited the increase in leptin levels induced by ovariectomy. Finally it was shown that serum leptin levels were not affected by orchidectomy in male rats.
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Figure 2 Influence of estrogen administration (E 2 ) (silastic capsules of either 1 cm or 3 cm) and/or ovariectomy (OVX) on serum leptin concentrations (means Ϯ S.E.M.) in female rats. *P < 0:05, **P < 0:01. In each case comparisons were carried out with a group of control rats matched for body weight. Table 4 Testosterone (T), estradiol (E 2 ) and leptin concentrations in intact, orchidectomized (Orch) and orchidectomized þ steroid-treated male rats. The animals were orchidectomized on day 60, implanted with silastic capsules (1 or 3 m) containing testosterone or estradiol and decapitated on day 75. Values are given as means Ϯ S.E.M. (n ¼ 10-20 animals).
Group
T (ng/ml) E 2 (pg/ml) Body weight (g) Leptin (ng/ml) Taken together our data suggest that gonadal steroids can influence serum leptin levels through at least two different mechanisms. One is consequent to changes in body weight. However, some of the changes observed in serum leptin levels after modification of the sex steroid milieu cannot be explained by changes in body weight, suggesting the existence of some other mechanism of action. The changes in body weight probably reflect changes in fat stores since we have found a similar relationship between serum leptin levels and either body weight or fat content in normal rats (F Casanueva and X Casabiell, unpublished data). In support of the second possibility, a stimulatory role of estrogens on leptin secretion has been proposed, since addition of estradiol to isolated adipocytes increased ob mRNA expression in vitro (21, 22) . Also, Shimizu et al. (23) showed that leptin concentrations decreased in female rats 8 weeks after ovariectomy and recovered after implantation of silastic capsules containing estradiol. However, the serum estradiol concentrations in female rats were not measured in this study. The possibility that changes in leptin concentrations after ovariectomy were dependent on changes in body weight should be considered, since body weight increased significantly 8 weeks after ovariectomy, but not at shorter periods (23 and present results). Alternatively, it is possible that estrogen administration overcomes the lower leptin levels associated with decreased body weight in normal rats.
It has been proposed that androgens inhibit leptin secretion because leptin concentrations are higher in premenopausal females than in males (24) and the increase in testosterone levels in children are associated with decreased serum leptin concentrations (13) . Our data show that in the adult male rat the effects of testosterone are mediated by changes in body weight, and therefore do not support a direct inhibitory effect of testosterone on leptin secretion, as suggested by some data obtained in hypogonadal human subjects (25) . Nevertheless, these data are in agreement with those obtained in normal adult human subjects where it has been found that short-term exogenous testosterone administration does not modify leptin levels (V Popovic, D Micic, C Dieguez & F Casanueva, unpublished observations). Finally, the effects of testosterone -when comparisons were carried out taking into account changes in body weight -appear to be sexually dimorphic, since testosterone administration to ovariectomized, but not to orchidectomized, rats led to a decrease in serum leptin levels. Further studies are needed in order to clarify the mechanisms of this different response.
In conclusion, our results showed that serum leptin concentrations in the rat are dependent on gonadal function. Gonadal hormones regulate leptin levels either directly or as a consequence of changes in body weight. This dual action of gonadal hormones should be considered for further studies on the mechanisms of the control and physiology of leptin. (silastic capsules of either 1 cm or 3 cm) and/or orchidectomy (ORCH) on serum leptin concentrations (means Ϯ S.E.M.) in male rats. **P < 0:01. In each case comparisons were carried out with a group of control rats matched for body weight.
